Inversion of 4036 P wave travel time residuals from 429 local earthquakes using a tomographic scheme provides information about three-dimensional upper crustal velocity variations in the Indian Wells Valley-Coso region of southeastern California. The residuals are calculated relative to a Coso-specific velocity model, corrected for station elevation, weighted, and back-projected along their ray paths through models defined with layers of blocks. Slowness variations in the surface layer reflect local geology, including slow velocities for the sedimentary basins of Indian Wells and Rose valleys and relatively fast velocities for the Sierra Nevada and Argus Mountains. In the depth range of 3-5 km the inversion images an area of reduced compressional velocity in western and northern Indian Wells Valley but finds no major velocity variations beneath the Coso volcanic field to the north. These results are consistent with a recent study of anomalous shear wave attenuation in the Coso region. Between 5 and 10 km depth, low-velocity areas {7% slow) appear at the southern end of the Coso volcanics, reaching east to the Coso Basin. Numerical tests of the inversion's resolution and sensitivity to noise indicate that these major anomalies are significant and well-resolved, while other apparent velocity variations in poorly sampled areas are probably artifacts. The seismic data alone are not sufficient to uniquely characterize the physical state of these low-velocity regions. Because of the Coso region's history of Pleistocene bimodal volcanism, high heat flow, geothermal activity, geodetic deformation, and seismic activity, one possibility is to link the zones of decreased P velocity to contemporary magmatic activity.
INTRODUCTION
Tomographic inversion of compressional wave travel times is a computationally efficient technique for determining threedimensional velocity variations in the subsurface beneath a seismic array. Depending on the station separation and the phases used, seismic tomography can be utilized to image heterogeneities with a wide variety of scale lengths. R. P. Comer and R. W. Clayton (unpublished manuscript, 1986 ) invert the International Seismological Centre (ISC) teleseismic P arrival data set for mantle heterogeneities on a global scale. Teleseismic data recorded at the densely spaced California Institute of Technology (Caltech)/U.S. Geological Survey (USGS) southern California seismic network enable Humphreys et al. [1984] to investigate the upper mantle at a regional level using tomographic techniques. Crustal structure in southern California is examined by Hearn and Clayton [1986a, b] , using the regional crust and mantle phases Pg and Pn. With arrival time data from local events, Kissling et al. [1984] conduct a travel time study to detail the upper crustal velocities in the Long Valley caldera of eastern California. They identify areas of low P wave velocity with dimensions of only a few kilometers which may be related to a silicic magma chamber beneath the caldera.
The present study applies seismic tomography to local earthquake data from the tectonically active Coso region of southeastern California in order to spatially locate any upper crustal velocity anomalies. Like Long Valley, the Coso area is one of young volcanism, where small magma chambers may The Coso volcanic field sits astride a structurally high block composed of Sierra-type granitic rocks [Duffield, 1975 ; Duf-..field and Bacon, 1981; Bacon et al., 1980] . Both strike-slip and normal faulting styles are observed in the region. Weaver and Hill [1979] suggest that the Coso volcanics represent a local spreading center and is in an extensional state, which would allow magma to rise near the surface. Geodetic data [Savage et al., 1975 ] support current modest extension for the Coso region [Roquemore, 1981] in accord with the Weaver and Hill [1979] hypothesis. The presence of regional arcuate structures sparked a controversy about Coso's fundamental structural style: Austin et al. [1971] and Duffield [1975] favor a calderalike structure, while Roquemore [1981] maintains that the arcuate features result from stresses induced by strike-slip faulting. The Coso region has never produced a large ash flow eruption; thus the silicic magma may be deep or the area could still be in a precaldera state [Duffield, 1975] . searched for S wave shadowing across the entire region. Surprisingly, while they observed normal S waves for shallow depths in the geothermal area, they found an area of attenuated S wave propagation in Indian Wells Valley. This anomaly is extremely interesting, not only in view of the recent earthquakes and deformational activity but also because it is extremely shallow (less than 5 km).
The remnants of the
The newly available, digital, local earthquake data also provide an opportunity to investigate the structure of Indian One step in the preparation of the travel time residuals is the application of source and receiver statics. In this study the relocation of the events effectively removes the source statics from the problem (i.e., the average residual for each source is close to zero). There are, however, two approaches to the receiver static estimation. In the whole mantle studies [Dziewonski and Anderson, 1984; R. W. Clayton and R. P. Comer, unpublished manuscript, 1986] the receiver statics are separately estimated and removed for residuals before the inversion procedure. This is justified because the rays are nearly vertically incident at the stations. The second approach, which is used here, incorporates the statics as part of the slowness reconstruction. In this case, the top layer of the inversion will contain substantial contributions from near-surface effects. We believe this approach is necessary here because of the relatively shallow angles of emergence of the rays at the receivers.
Most of the least squares inversions for local structure have used teleseismic arrival times [e.g., Reasenberg et al., 1980] . Teleseismic rays arrive at steep incidence angles, providing good lateral coverage, but velocity anomalies may be smeared out in depth because of vertical coupling between blocks. Use of local phases helps to more precisely determine depth extent, since most rays are composed of several segments with differing incidence angles. The depth to the bottom of the region's seismogenic zone limits the depth resolution of an experiment using local sources, however, as does the array aperture. The The hit count map for M2 (Figure 4b ) reveals that at depths corresponding to layer 5 (7-9 km), ray coverage in the Coso geothermal area is poor, so we cannot follow the layer 4 anomalies any deeper with these data. There is an interesting area of low velocity near Little Lake in the Sierra Nevada at these depths, and there is a hint of an extension of the southern Coso anomaly described above (for layer 4) into this depth range. Indian Wells Valley, still with reasonable ray coverage, is primarily neutral from 7 to 9 km.
The results of the tomographic inversion are encouraging; the surface layers reflect local geology, and at greater depths 
MODEL STABILITY AND RESOLUTION
The issues of model resolution and stability are important in assessing the reliability of any inversion result. Because we do not automatically compute a resolution matrix with the back-projection inversion scheme, we consider both the number of hits per block and the predominant vector ray directions in each block in evaluating the inverted slowness values. If a cell is hit only a few times, any individual slowness parcels assigned to that cell that are in error have a much larger effect than if many rays (>_ 100) hit each cell. Thus blocks with large "hit counts" are more likely to represent the true character of the slowness in those blocks, since random errors more probably cancel out. If a cell is hit many times but each ray is coming from the same direction, then the resolution may also be poor, since that cell is strongly coupled to those surrounding it.
By inspecting the distribution of ray azimuths and incidence angles for each cell, we can qualitatively assess a particular block's reliability in the inversion result. Figure 7 displays the azimuth/incidence angle coverage for a portion of model M1 at several different depth levels. These ray patterns are constant for each model; M2 has different distribution characteristics. For both azimuth and incidence angle, a solid half-circle indicates perfect coverage, since reciprocity implies the filling of the other half of the circle. The coverage for both parameters is excellent for the interior portion of M1, especially in layers 2 and 3 (2-10 km). Coverage degrades severely in the Coso volcanic region below 10 km for Mi. Ray incidence is more nearly vertical for layer 1 (0-2 km), as expected, while poorly sampled cells are hit by mostly horizontally traveling rays in the layers below.
We can assess the ray set's sensitivity to random noise, such as would be generated by timing errors, by performing a numerical experiment. The Coso travel time residual data most closely resemble a double exponential distribution (Figure 8 ) with a median of 0.001 s and an L• deviation of 0.0974. We generated two sets of 4036 random numbers with the same statistical characteristics and replaced the data time residuals with the synthetic data, or noise. Inversion of one set of the random numbers using the actual data ray paths and model M1 produces the result shown in Figure 9 . Although the variance of the random numbers is equivalent to that of the data, the maximum slowness anomaly observed is only half of the data value. The inversion, even after 50 iterations, explains only 4% of the random time residuals. The large slowness values concentrate in areas of poor ray coverage, such as the edges of the sampled areas. These characteristics differ significantly from those of real data inversions, indicating that random noise does not dominate the data set. Replacing the entire data set with random noise is a worst case test (R. P. geology in order to determine its effect on perceived velocity anomalies at greater depth. For these experiments, all travel time residuals are set equal to zero except when a ray travels through a block with a predetermined synthetic velocity anomaly. Figure 10 presents portions of the top three layers for a resolution test consisting of a 20% velocity reduction in one cell below the Coso volcanic field in layer 3 (5-10 km) of M1. From the azimuth/incidence angle distribution (see Figure 7) we note that this area has excellent ray coverage, so we expect near-optimal model resolution for the region. The synthetic inversion results are excellent: We achieve a 96.8% variance reduction, with 99% of the anomaly placed into the correct block; there is no lateral or vertical streaking in this case.
We examined the effects of surficial features on our inversion results at depth by using a model incorporating the slow sediments of IW'V and Rose Valley and the relatively fast granites of the Sierra batholith. Using M2, we assigned a 30% velocity decrease for IWV in layer 1 and 10% in layer 2, a 10% decrease for Rose Valley, and a 20% increase for the Sierra Nevada mountains. The bulk of any P wave low-velocity anomaly in the Coso volcanic region may well reside below 10 km. We cannot resolve such a body with our data due to insufficent ray coverage at those depths. The anomalies described above could be small, shallow projections of the major magma chamber. With small dimensions and density contrasts, such bodies might go undetected in gravity surveys. Addition of regional and teleseismic data to the local times used in this study would better define the deep crustal structure of the region while retaining good resolution of shallow features. It is clear that the Coso region is tectonically active because of its high heat flow, geothermal system, high seismicity rate, and corntemporary geodetic deformation. The tomographic inversion indicates that the deep magma chamber may have shallow extensions just south of the present Coso volcanic field, primarily in the 5-10 km depth range and perhaps to 3 km below Cactus Peak. The Indian Wells Valley region, a few kilometers farther south, contains shallow areas of low P wave velocity which also attenuate S waves (C. O. Sanders et al., unpublished manuscript, 1986), and which has abundant seismic acitivity up to the M/•--5 level [Roquemore and Zellmer, 1983a] . The IWV seismic anomalies weaken or disappear below 5 km depth. These features could be related to current magmatic processes in the subsurface; more geophysical data are needed to understand better the details of the tectonic activity occurring in Indian Wells Valley.
